Introduction over time?
To address these questions of neuronal connectivity Olfactory perception begins with the activation of olfacand sensory map formation, we have established a systory neurons in the olfactory epithelium of the nose (retem in which we can monitor the genesis of the periphviewed by Lancet, 1986; Reed, 1992) . The characterizaeral olfactory system in living zebrafish embryos in real tion of a large multigene family thought to encode time. We have combined the use of fluorescent dyes odorant receptors (Buck and Axel, 1991) has allowed a to label developing olfactory bulb structures with the transgenic expression of green fluorescent protein (GFP) molecular analysis of the mechanisms underlying the fusions to identify olfactory neurons and their procoding of olfactory information in vertebrate species.
cesses. This approach allows us to trace the behavior Individual olfactory neurons express only one or a few of living olfactory neurons as they project and target to odorant receptors (Ressler et al., 1993; Ngai et al., 1993a;  their glomerular partners. Dye labeling studies demon- Barth et al., 1997) . Each olfactory neuron extends a strate that a nascent form of the stereotyped glomerular single, unbranched axon into the olfactory bulb, termimap found in adult zebrafish (Baier and Korsching, 1994 ; nating within one of a field of repeated, spherical struc- Friedrich and Korsching, 1997 ) is apparent during emtures of the bulb neuropil termed glomeruli (Mori, 1987) . bryogenesis at a time during which active ingrowth of In rodents, it has been shown that cells that express olfactory neuron axons occurs. We further show through the same odorant receptor converge precisely upon one GFP labeling that olfactory neurons elaborate single unor a few glomeruli in the olfactory bulb (Ressler et al., branched axons which extend directly to their ultimate 1994; Vassar et al., 1994; Mombaerts et al., 1996) . These targets. Spatially restricted arborizations of axon termini observations suggest that the identities of particular are then made within the circumscribed boundaries of odorant receptors are spatially mapped on the olfactory individual glomeruli. Our observations support a model bulb, where this information is relayed to higher cortical in which olfactory neuron growth cones rely mainly upon centers (reviewed by Kauer, 1991; Shepherd, 1991, activity-independent mechanisms to project directly to 1994; Buck, 1996) . their glomerular targets. Olfactory neurons expressing a given odorant receptor are distributed randomly within large areas of the Results epithelium (Strotmann et al., 1992; Ressler et al., 1993; Vassar et al., 1993; Ngai et al., 1993a) . Expression of Ontogeny of the Zebrafish Olfactory Bulb: odorant receptors by olfactory neurons during embryAppearance of Glomeruli in Stereotyped onic development precedes innervation of the olfactory Patterns during Development bulb (Nef et al., 1992; Strotmann et al., 1995; The glomerular composition of the adult zebrafish olfacal., 1995), suggesting that each neuron has acquired its tory bulb has been elegantly described through anterograde labeling of olfactory nerve afferents with the lipophilic fluorescent tracer dye DiI (Baier and Korsching, A composite image generated from the series of optical sections shows the labeled cells in the olfactory epithelium (OE); labeled axons can be seen as they penetrate the developing olfactory bulb, forming a number of peripheral glomeruli and several additional zones of olfactory terminals ventrally, including the olfactory plexus (OP), a tangle of numerous ingrowing olfactory axons, lateral glomeruli (LG), medial glomeruli (MG), dorsal zone (DZ), central zone (CZ), and the ventral posterior glomerulus (VPG). Dorsal is to the top, medial is to the right, and the anterior-posterior axis is projecting out of the image. Bar ϭ 20 m.
(B-G) A 3.5-day-old zebrafish embryo was labeled by dipping in BODIPY 505/515, and the living embryo was mounted (with the anterior-posterior axis projecting out of the image) and viewed by confocal microscopy (dorsal is to the top). Selected coronal optical sections acquired at the indicated depths are shown in this figure. Clearly visible are the pair of olfactory epithelia-bowl-shaped structures surrounding the lumens of the olfactory pits-and the forebrain, occupying the central region of the image (vt, ventricle; AC, anterior commissure). Other visible structures include blood vessels (bv), the eyes, and the mouth (m). Note the defined and bilaterally symmetric displacement of cells (which correspond to glomeruli and axon tracts; nomenclature is as described for [H] ) within the paired olfactory bulbs. Bar in (B) ϭ 40 m for (B-G).
(H) A map of the glomerular pattern based on over 12 DiI-and BODIPY-labeled zebrafish embryos is shown. This map is oriented to correspond to the projected view shown in (A). For clarity, the anterior-posterior axis has been splayed out diagonally. Bilaterally symmetric and distinct structures in the developing olfactory bulb can be identified: the olfactory plexus (OP), four lateral glomeruli (LG1-4), four medial glomeruli (MG1-4), five glomeruli in the central zone (CZ1-5), a ventral posterior glomerulus (VPG), and a dorsal zone (DZ). The glomeruli within the central zone are indicated by dotted lines, since their boundaries are not as distinct as those between the peripheral glomeruli.
1994). These studies demonstrated that many of the projections of a 3.5-day-old embryo which was labeled with DiI. Heavy labeling of cells in the sensory epithelium10 2 glomeruli in the zebrafish bulb form an identifiable pattern that is invariant from individual to individual.
is evident, and axons emanating from this structure can be observed as they invade the forebrain and converge How is this stereotyped sensory map formed during development? Anatomical studies have shown that axto numerous glomeruli in the nascent olfactory bulb. The overall pattern of olfactory neuron projections into ons emerge from the olfactory placode and appear to make contact with the forebrain by approximately 24 hr this region of the forebrain appears to be bilaterally symmetric and constant between individual fishes (data postfertilization (Hansen and Zeiske, 1993) . Fasciculation of olfactory neuron axons is evident by 36 hr (Hannot shown, but see below). From this method of labeling, the glomeruli can be grouped into lateral, medial, censen and Zeiske, 1993), and glomerular-like structures have been observed in the forebrain by 2-3 days of tral, dorsal, and ventral zones. We also used fluorescent BODIPY dyes to examine development (Wilson et al., 1990) . Zebrafish hatch at approximately 72 hr postfertilization. We carried out structures in the developing olfactory bulb. BODIPY labels the cytoplasm of cells as well as the interstitial the following dye-labeling experiments to determine whether a stereotyped pattern of glomeruli is evident spaces in the embryo, allowing the visualization of structural boundaries delineated by individual cells (Cooper by the time of hatching. Zebrafish embryos were harvested at 3-3.5 days of development, and olfactory and D 'Amico, 1996) . Thus, neuropil and other relatively acellular tissue mass can be identified as regions from structures were labeled by dipping the embryos into solutions containing DiI. Following a short incubation which cell nuclei are excluded. Representative confocal optical sections through the forebrain region of a period to allow diffusion of the dye into axon terminal stuctures, labeled olfactory placodes and olfactory BODIPY-labeled 3.5-day-old embryo are shown in Figures 1B-1G . Plaque-like structures are identified as globulbs were visualized by laser scanning confocal microscopy. Figure 1A shows a representative confocal meruli, owing to their colocalization with DiI signals in BODIPY/DiI double-labeling experiments (data not reconstruction of the olfactory epithelium and axonal axons converge within the olfactory plexus, a densely packed structure of interwoven axon terminals lacking any discernible internal structure. The olfactory plexus, in contrast to the other terminal structures, varies widely in shape, often extending to the telencephalic ventricle. Finally, a class of neurons distinct from olfactory sensory neurons projects medially into the anterior commissure. A composite map of glomeruli detected by DiI and BODIPY from multiple 3.5-day-old embryos is shown in Figure 1H .
A less distinct pattern of glomeruli is apparent as early as 2 days postfertilization; three lobes of the map can be identified which correspond to the central zone, dorsal zone, and medial glomerulus (J. L. Dynes and J. Ngai, unpublished data; see 48-60 hr timepoints shown in Figures 4-6 ). From our current analysis it is uncertain whether the lack of structural definition at this earlier stage of embryogenesis reflects a relatively undefined anatomical organization, or rather the inability of our labeling methods to detect more nascent structures. Nonetheless, it is clear that a stereotyped pattern of The results shown in Figure 1 demonstrate that a stereotyped pattern of glomeruli in the olfactory bulb indeed symmetric and stereotyped pattern of glomeruli is evident at 3.5 days of development. At this stage, the glois evident in embryonic zebrafish. Having established that some spatial order is present between 2 and 3.5 meruli are patterned as a series of nine isolated, peripheral structures (lateral, medial, and the ventral posterior days of development, we next wished to determine how an olfactory neuron's growth cone behaves as it naviglomeruli) and two large zones (dorsal and central zones) within the bulb. The central zone can be subdigates to its target glomerulus. Previous studies have demonstrated the utility of using DNA transfection techvided into a series of approximately five glomeruli, whereas such subdivisions are not readily distinguishniques to evaluate dendritic and axonal projections in the developing vertebrate nervous system (e.g., see Holt able within the dorsal zone. In addition, many olfactory Lilienbaum et al., 1995) . Furthermore, the We have developed a method for labeling zebrafish olfactory neurons with GFP so that these cells, together advent of GFP markers has made it possible to observe labeled cells in living specimens (Chalfie et al., 1994) .
with their axonal processes, can be visualized in real time as they extend into the olfactory bulb. In this apaxon terminals and do not appear to affect the development of the cells in which they are expressed (e.g., proach, we exploited the mosaic expression of DNA constructs injected into zebrafish blastomeres to obtain see Maricq et al., 1995; Miller and Niemeyer, 1995) . An example of a pair of labeled olfactory neurons extending embryos containing individual olfactory neurons expressing GFP reporters (see Experimental Procedures).
their axonal processes toward the forebrain is shown in Figure 2 . We initially found that GFP expressed in olfactory neurons was excluded from the axonal processes (data not shown). As a solution to this problem, we used a chimeDynamic Imaging of GFP-Labeled Neurons ric gene construct in which the coding sequence of GFP
Reveals the Direct Outgrowth of Olfactory is fused to that of the Caenorhabditis elegans unc-76
Axons to Stereotyped Targets in the gene (Maricq et al., 1995 The extended growth cone-like morphology of the axon terminal subsequently assumes a branched or arborized neurons.
Is There a Rapid Remodeling of Olfactory Neuron Projections? olfactory bulb structures into which the olfactory neurons project, we combined DiI or BODIPY vital labeling Our observations of labeled olfactory neurons at 12-hr intervals suggest that olfactory neuron growth cones with ectopic expression of the unc-76:GFP transgene in olfactory neurons. Axon sprouting in labeled cells is pathfind directly toward their glomeruli without pausing at intermediate glomerular targets. Given that a large typically observed at 24-30 hr, and growth cones from these cells appear to cease large movements between number of cells were observed at various stages of the outgrowth process (n ϭ 35 cells), we expect that only 48 and 72 hr. Initial sprouting is occasionally observed after 30 hr, with a concomitant delay in subsequent the most transient and rapid remodeling of olfactory neuron terminal structures would have escaped detecoutgrowth and targeting. An analysis of the projection patterns of GFP-labeled neurons from numerous zebration. Nonetheless, our observations at 12-hr time intervals cannot strictly preclude the occurrence of rapid fish embryos reveals that this method detects cells projecting to 12 out of the 15 glomeruli identifiable by axon remodeling. For example, given the rate of axon outgrowth (estimated to be Ͼ 5 m/hr), an axon conceiv-BODIPY and DiI labelings (n ϭ 43 cells; Table 1 ). Our approach of labeling olfactory neurons by mosaic exably could branch and subsequently be pruned back, all within less than 12 hr. Similarly, an axon may transiently pression of the unc-76:GFP transgene therefore appears to give a good representation of cells projecting to the contact and sample multiple glomeruli prior to arresting its movements within a single structure. To address different glomerular targets. Figure 3 shows confocal images from a representative these issues, we examined the behaviors of GFP-labeled olfactory neurons on BODIPY-labeled backgrounds at experiment in which the unc-76:GFP transgene was expressed in a cluster of four cells. Each of these cells hourly intervals during various phases of the outgrowth process (Figures 4 and 5) . These experiments were perexhibits a bipolar morphology characteristic of olfactory neurons. Internal structures of the embryo were also formed on unanesthetized embryos to avoid any effects of added drugs on axon outgrowth behavior. Figure 4 localized by BODIPY staining, allowing the simultaneous visualization of GFP-labeled olfactory neurons and gloshows a timecourse series in which an initial group of four olfactory neurons are labeled with the GFP fusion merular morphology by dual-laser confocal microscopy. In the top row of Figure 3 , projections of confocal images transgene. At 36 hr of development, the axons from these cells can be seen as they first enter the nascent (acquired at 38, 50, 62, 74, and 86 hr) show four GFPlabeled olfactory neurons as they extend and target to olfactory bulb region of the forebrain. Figure 1H for nomenclature). the bulb; a process involving the branching and pruning 1995). We favor the latter possibility, since the morphology and growth characteristics of most GFP-labeled of axons is not observed. By 46-48 hr (or 10-12 hr after entering the bulb region), the extended growth cone-like cells remain fairly constant through repetitive observations over 3-4 days of development, even in embryos morphology of each axon terminal is converted to a more arborized appearance. These arbors appear to in which dying cells are observed. We also do not see abnormal cell and axon morphologies (e.g., beaded aphave attained their ultimate glomerular partners by 48 hr, as judged by the comparable location of two of the pearance of axons) or progressive declines in cell viability and growth cone extension rates-characteristics of projections 32 hr later (80 hr of development). We have also performed hourly observations between 36 and 48 photo-and chemical-induced toxicity. Figure 5 shows another experiment in which the behr on three GFP-labeled neurons from two additional embryos; similar to the results shown in Figure 4 , these havior of olfactory neurons was examined at hourly time periods following the acquisition of their respective tarneurons' growth cones appeared to extend directly to their respective targets (data not shown).
gets. In this series, two GFP-labeled olfactory neurons reach the dorsal zone between 36 and 48 hr of developInterestingly, two of the GFP-labeled cells shown in Figure 4 disappeared between 48 and 80 hr. We in fact ment. Hourly examination of these cells from 48-60 hr shows that the extents of these cells' arbors remain have observed similar disappearances in numerous other experiments; debris-like fluorescent material is circumscribed within distinct regions of the dorsal zone. Some remodeling of the arbors is observed within each often evident where a viable labeled cell previously resided. We do not know at this time whether such cell area, and it appears as though the tips of the arbors are probing just beyond the dorsal zone boundaries. It is loss is due to damage associated with repetitive laser illumination, toxicity of GFP transgene expression or also interesting to note that the two arbors remain in positions relatively constant to one another, despite the fluorescent dye intercalation, or normally occurring apoptosis of olfactory neurons (e.g., see Holcomb et al., growth and differentiation of the dorsal zone into a larger and more discrete structure. Together the results illus-1996). How is this functional specificity achieved? In one model, each olfactory neuron initially elaborates a trated by Figures 3, 4 , and 5 indicate that individual olfactory neurons extend directly to their ultimate glocrude projection to multiple glomeruli which is subsequently refined over time. Such a refinement might occur merular partners without elaborating an initial or intermediate diffuse projection pattern. Furthermore, once through an activity-dependent process analogous to the one used in the vertebrate visual system (Goodman and the target has been acquired, the arbors of an axon terminal remain limited within the circumscribed boundShatz, 1993; Katz and Shatz, 1996) . Alternatively, a cell may extend a single, unbranched axon into the develaries of the glomerulus.
oping olfactory bulb using activity-independent mechanisms. In a "random search" model of axon pathfinding Outgrowth Behavior of Unipolar Neurons (see Tessier-Lavigne and Goodman, 1996) , after interIn addition to the results based on bipolar olfactory acting with numerous glomeruli, the growth cone evenneurons described thus far, we occasionally observed tually targets to its appropriate glomerulus. Thus, the in the olfactory placode GFP-labeled cells which lacked growth cone would sample the chemical identity of nudendrites. Since these unipolar cells do not extend any merous potential targets, but only establishes stable processes to the external environment, it is unlikely that interactions within the appropriate glomerulus. In a third they mediate any chemosensory function per se. The model, the growth cone of a developing olfactory neuron unipolar cells nonetheless extend their axons either into extends directly to its target glomerulus and then arbothe developing olfactory bulb proper or into the anterior rizes within that circumscribed structure. This would commissure (data not shown). Interestingly, we found support the notion that, in contrast to a random search that GFP-labeled unipolar cells can extend larger and model, specific cues in the olfactory bulb cause the more complex growth cones than the bipolar olfactory growth cone to proceed directly to its target. In addition, neurons. An example of the outgrowth behavior of one olfactory neurons innervating a specific glomerulus may such cell is shown in Figure 6 . In this case, significant follow a stereotyped path toward that glomerulus due back-branching of the axon can be observed between to the action of pathfinding cues found at multiple points 38 and 41 hr as the leading edge of the growth cone along an axon's trajectory (Tessier-Lavigne and Goodextends to its target in the medial region of the bulb. The man, 1996). numerous extensions made along the axon are rapidly
We find that olfactory neuron axons appear to grow remodeled, as many branches appear. Nonetheless, the directly toward their glomerular targets without elabomain "trunk" of the axon appears to grow directly toward rating highly branched or diffusely arborized projecthe ultimate glomerular target at a fairly constant rate.
tions. We also observe that extending growth cones do The axon terminal region finally arborizes within a disnot appear to sample multiple glomeruli before arresting crete glomerular structure (medial glomerulus 4) bemovement within their ultimate target structures. Rather, tween 45 and 48 hr, and remains in this position through migrating growth cones take fairly direct routes to their 75 hr of development. While the identities of the GFPrespective destinations. Rates of extension appear to be labeled unipolar cells remain undetermined at this time, constant before targeting occurs, and large excursions they bear a striking resemblance to a population of unicovering more distant areas of the olfactory bulb are polar cells that appear in the early olfactory placode not observed. The patterns of olfactory neuron growth prior to the appearance of the more classical bipolar cone trajectories are consistent with the notion that olfactory neurons (Whitlock and Westerfield, 1997) . chemical cues are primarily responsible for guiding the growth cone to its appropriate glomerulus.
Discussion
What class of molecules might comprise these pathfinding cues, and how might the action of such moleIn this study, we have examined the genesis of the pecules be transduced by the ingrowing cell's growth ripheral olfactory system by visualizing living olfactory cone? An instructive example is provided by the retinalneurons in zebrafish embryos. Through dye labeling extectal projection of lower vertebrates. In this system, periments, we find that a stereotyped pattern of glomergradients of target-derived factors-the ephrins-are uli is present in the embryonic olfactory bulb. By comthought to direct the ingrowing ganglion cells to their bining this analysis with the mosaic expression of a correct target regions through interactions with corre-GFP reporter in individual cells, we demonstrate the sponding receptor tyrosine kinases expressed on the behaviors of olfactory neuron growth cones as they targrowth cones (see Tessier-Lavigne, 1995; Tessier-Laviget to their partner glomeruli. Together these results gne and Goodman, 1996) . Thus, by analogy to the outaddress the possible mechanisms underlying the develgrowth of retinal ganglion cells, the behavior of olfactory opment of synaptic specificity in the vertebrate olfactory neurons as they extend toward their targets is consistent system.
with the hypothesis that chemical cues, perhaps expressed as gradients across the olfactory bulb, direct Outgrowth Behavior of Olfactory Axons and olfactory neuron growth cones to their appropriate gloModels of Olfactory Neuron Targeting meruli. Interestingly, recent transgenic studies in the The anatomical organization of the olfactory system, mouse have revealed that the odorant receptors themand therefore the logic underlying olfactory coding, is a selves play some instructive role in olfactory neuron direct consequence of the targeting of specific olfactory axon guidance (Mombaerts et al., 1996; Wang et al., neurons to their appropriate glomerular partners (re-1998). While the putative olfactory pathfinding cues remain to be defined at the molecular level, they may viewed by Kauer, 1991; Shepherd, 1991 Shepherd, , 1994 ; Buck, interact directly with odorant receptors to influence olTo address the possible role of neuronal activity in the development of the mammalian olfactory system, in factory neuron growth cone behaviors.
Upon entering the forebrain, do olfactory neuron a separate study we have examined the patterns of olfactory neuron convergence in a mouse model in growth cones rely on intermediate landmarks to navigate to their final targets? A preliminary analysis of cells which the olfactory cyclic nucleotide-gated cation channel-a key component of the odorant signaling pathway labeled in different fish reveals that axons projecting to a specific glomerulus can take distinct paths to reach in olfactory neurons-has been disrupted by homologous recombination (Brunet et al., 1996) . Mice homozythat target (data not shown). For example, some cells projecting to the dorsal zone initially follow the central gous for this mutation exhibit a complete absence of odorant-evoked excitatory signaling. Nonetheless, cells zone axons, while others project more dorsally before growing toward their targets. However, we have found expressing the same odorant receptor still converge to their appropriate glomerular targets, indicating that that cells projecting to the central zone always turn medially upon entering the bulb. Thus, it appears that interevoked neuronal activity is not strictly required for establishing synaptic connectivity in the olfactory bulb (L. mediate landmarks may not necessarily be used at multiple points along an axon's trajectory to steer the growth Brunet, F. Wang, G. Gold, R. Axel, and J.N., unpublished data). Thus, activity-independent mechanisms are likely cone to its final target. These findings also seem inconsistent with a model in which ingrowing olfactory neuron to underlie the generation of synaptic specificity of primary sensory neurons in the olfactory bulb in all vertegrowth cones follow the paths of earlier "pioneer" axons to their glomerular targets (see Kuwada, 1986; Klose brate systems. and Bentley, 1989; Chitnis and Kuwada, 1991; reviewed by Tessier-Lavigne and Goodman, 1996) . However, it is Appearance of a Stereotyped Glomerular Map during Zebrafish Embryogenesis possible that pioneer axons are used for pathfinding, but their positions along the trajectory differ between A large fraction of the ‫01ف‬ 2 glomeruli in the olfactory bulb of the adult zebrafish is organized in an identifiable individuals. Indeed, it has been proposed that a class of neurons, similar in morphology to the unipolar cells and stereotyped pattern (Baier and Korsching, 1994) . Optical imaging techniques have revealed that individual described here (Figure 6 ), provide a pioneer pathway for the subsequent outgrowth of receptor-expressing odorants can elicit activity in reproducible subsets of glomeruli in the zebrafish bulb (Friedrich and Korsching, olfactory neurons (Whitlock and Westerfield, 1997) . The larger and more complex growth cone morphologies of 1997). These properties likely reflect a convergence of olfactory neurons expressing common receptors to the unipolar cells may reflect the sampling and response of these cells to a wider array of guidance cues than are same glomeruli, although this has yet to be demonstrated at the molecular level. Thus, the identity of any relevant for the later "follower" neurons. While quite speculative, this interpretation is consistent with the nogiven odorant is probably encoded by a stereotyped or "hardwired" map of glomerular activity. tion that unipolar cells comprise olfactory pioneers.
When does a defined glomerular map arise during the genesis of the olfactory bulb? In the present study, we Do Fish and Mammals Share Common Strategies in the Development of Synaptic Specificity demonstrate that a stereotyped pattern of afferent innervation is clearly evident in the zebrafish olfactory in the Olfactory Bulb? It is instructive to ask whether fish and mammals might bulb by 3.5 days of development. A less developed, more primordial pattern is manifested by 2 days postuse similar mechanisms to shape synaptic contacts in the olfactory bulb, given that the olfactory systems of fertilization, with fewer discrete glomerular units within the various bulbar zones (J.L.D. and J.N., unpublished these two vertebrates differ widely in their anatomic and functional complexities. Teleost genomes are thought data). Thus, a stereotyped map is generated during embryogenesis as soon as glomeruli are detectable experito contain only~10 2 odorant receptor genes (Ngai et al., 1993b; Barth et al., 1996) , far fewer than the prevailing mentally, at a time coinciding with the rapid expansion of the olfactory epithelium and olfactory bulb (Hansen estimate of~10 3 genes in mammalian species (Buck and Axel, 1991; Levy et al., 1991; Parmentier et al., 1992; and Zeiske, 1993) . How does the primordial glomerular map in embryos Ben-Arie et al., 1994) . Similarly, the adult zebrafish olfactory bulb contains only~10 2 glomeruli (Baier and Korschmature as development proceeds? We have shown previously that the odorant receptor genes are activated ing, 1994; Friedrich and Korsching, 1997) , as compared with~1800 in rodents (Pomeroy et al., 1990 ; Meisami asynchronously during zebrafish development (Barth et al., 1996) . If olfactory neurons expressing the same odorand Sendera, 1993). Thus, the problem of establishing appropriate connections between neurons in the olfacant receptor project to the same glomerulus in the zebrafish (as they do in mammals [Ressler et al., 1994 ; Vassar tory epithelium and specific glomeruli in the olfactory bulb is potentially more complex in mammals than Mombaerts et al., 1996] ), one might reasonably predict that the innervation of individual glomeruli fish. It therefore may be predicted that activity-dependent mechanisms are used in mammals to accomodate by olfactory neurons proceeds sequentially during development. In contrast to the~10 2 glomeruli visualized in the innervation from a larger number of olfactory neuron types to a commensurately larger number of glomeruli.
the adult zebrafish olfactory bulb (Baier and Korsching, 1994), we have been able to identify only 15 glomeruli Alternatively, a larger and more complex array of guidance cues may be utilized in the mammalian olfactory in the nascent olfactory bulbs of 3.5-day-old embryos through vital dye labelings. Together these findings prosystem to direct olfactory neuron axons to their glomerular targets.
vide prima facie evidence that innervation of individual the embryo for at least 12 hr. These two criteria were established to ensure that the olfactory neuron behavior observed was not due Experimental Procedures to damage of the labeled cells or the embryo as a whole caused by the staining or observation protocols. Cells that met these criteria Plasmid Construction demonstrated colocalization of the axon terminal within known olComplementary DNA sequences containing the complete coding factory axon targets (glomeruli, dorsal and central zones, olfactory sequences of the S65T and F64L,S65T mutants of GFP (Heim et al., plexus, and anterior commissure). 1995; Cormack et al., 1996) were fused in frame to an AgeI site near the C-terminal end of the unc-76 gene (Hedgecock et al., 1985; McIntire et al., 1992; Maricq et al., 1995) . To enhance translation, Acknowledgments the sequence encoding the N-terminal 11 amino acids and 5Ј untranslated region of the fused gene was replaced by one encoding This work was supported in part by a grant from the National Institute the N-terminal two amino acids of ␤-galactosidase and 5Ј untrans- 
DiI and BODIPY Staining
Serafini, and the members of our laboratory for discussions; and D. Zebrafish embryos were harvested and treated with 0.2% phenylthiBentley and D. Lin for insightful comments on the manuscript. ourea at 24 hr postfertilization (Westerfield, 1993) . Olfactory neurons in zebrafish embryos were stained by immersion in a suspension of 2.5 M DiI (DiIC 18 (3); Molecular Probes, Eugene, OR) in embryo Received January 19, 1998; revised April 17, 1998. medium (EM; Westerfield, 1993) for 10-20 min at 32ЊC and rinsed three times in EM. The dye was allowed to diffuse for 30-60 min to label the distal axonal projections. The internal structures of the References embryo were labeled by immersion in suspensions of 2 g/ml BOD-IPY 505/515 or 548/578 (Molecular Probes; Cooper and D'Amico, Baier, H., and Korsching, S. (1994) . Olfactory glomeruli in the zebra-1996) in EM for 30 min at room temperature and were also rinsed fish form an invariant pattern and are identifiable across animals. three times in EM. Embryos were mounted for microscopy in 2% J. Neurosci. 14, 219-230. low melting point agarose in EM and removed between 12-hr time Barth, A.L., Dugas, J.C., and Ngai, J. (1997) . Noncoordinate exprespoints. The anesthetic MS222 (tricaine) was added to the agarose sion of odorant receptor genes tightly linked in the zebrafish gefor the 12-hr time course observations at a concentration of 0.02%. nome. Neuron 19, 359-369. No anesthetic was used for experiments in which embryos were Barth, A.L., Justice, N.J., and Ngai, J. (1996) . Asynchronous onset observed at 1-hr intervals.
of odorant receptor expression in the developing zebrafish olfactory system. Neuron 16, 23-34.
DNA Injections and Screening
Ben-Arie, N., Lancet, D., Taylor, C., Khen, M., Walker, N., Ledbetter, DNA at 50 ng/l (in 0.6 mM Tris, pH 7.5, 0.6 mM NaCl, 0.02 mM D.H., Carrozzo, R., Patel, K., Sheer, D., Lehrach, H., and North, M.A. EDTA) was pressure injected into single blastomeres of two-and (1994) . Olfactory receptor gene cluster on human chromosome 17: four-cell zebrafish embryos using a Picospritzer (General Valve; 60 possible duplication of an ancestral receptor repertoire. Hum. Mol. psi and 10-25 ms duration for a total volume of hundreds of picoliGenet. 3, 229-235. ters) and held in place using an agar tray (Westerfield, 1993) . EmBrunet, L.J., Gold, G.H., and Ngai, J. (1996) . General anosmia caused bryos were kept at 26.5ЊC throughout the experiment except for by a targeted disruption of the mouse olfactory cyclic nucleotidescreening, dye labeling, and mounting. Embryos were screened gated cation channel. Neuron 17, 681-693. 24-30 hr later for normal overall appearance and the presence of GFP-labeled olfactory neurons by epifluorescence microscopy. BeBuck, L.B. (1996) . Information coding in the vertebrate olfactory tween 1% and 5% of injected embryos contained GFP-labeled olfacsystem. Ann. Rev. Neurosci. 19, . tory neurons using this protocol. Buck, L., and Axel, R. (1991) . A novel multigene family may encode odorant receptors: a molecular basis for odor recognition. Cell 65, Microscopy and Image Processing 175-187. Embryos were mounted in agarose and were imaged using a Nikon Chalfie, M., Tu, Y., Euskirchen, G., Ward, W.W., and Prasher, D.C. PCM-2000 (Tokyo, Japan) scanning laser confocal microscope with (1994) . Green fluorescent protein as a marker for gene expression. (1996) . A cluster of noninvoluting endocytic cells at the margin of the zebrafish blastoderm marks the method. Double-label red and green pseudocolored images were created by merging the individual grayscale images using Adobe site of embryonic shield formation. Dev. Biol. 180, 184-198.
